1. Introduction {#sec0001}
===============

Drug needs to undergo absorption, distribution, metabolism and excretion processes to work in the body. It must cross multiple layers of biofilm after numerous transfers. This process is called drug transmembrane transport. Most drugs can be transported across the membrane by passive transport [@bib0001], such as simple diffusion and dissimilation. Some drugs require active transport to complete the transmembrane transport process. Among them, dissimilation diffusion and active transport require the participation of corresponding transporters. Besides, eukaryotic cells typically undergo transmembrane transport of macromolecules and particulate matter through endocytosis and exocytosis, such as receptor-mediated endocytosis and non-specific endocytosis.

Receptor-mediated endocytosis is an essential process in which viruses and biological particles enter cells. Studies have shown that abnormal regulation of specific receptors can cause related disorders. In the process of crossing the blood-brain barrier, drugs can also be transported by adsorption-mediated endocytosis. For example, studies by Junichi Matsumoto [@bib0002] found that red blood cell-derived extracellular vesicles containing α-synuclein pass the blood-brain barrier (BBB) in this way, which can be applied to Parkinson\'s treatment. In general, transmembrane transport processes such as active transport, dissimilation, and efflux secretion of drugs are carried out in the presence of transporters. The relevant influx and efflux transporters determine the plasma and tissue concentrations of the drug to some extent. According to the biopharmaceutics *classification system* (BCS) [@bib0003], high-through and high-dissolved drugs are not affected by transporters; low-soluble, high-permeability drugs are greatly affected by efflux transporters; high-dissolved, low-permeability drugs are affected by ingestion transporters. For low-solubility, low-permeability drugs, both efflux transporters and uptake transporters affect them. Therefore, carrier-mediated transmembrane transport has received extensive attention. Drug transporters are recognized as a decisive factor for drug delivery and drug interaction. The research on the mechanism of uptake and efflux transporters lays a foundation for the development and improvement of drugs.

In order to avoid the situation mentioned above, we hope to innovate the traditional preparations and break through some limitations of the conventional drug delivery system. The targeted therapy has emerged, which can be further divided into active targeting agents, passive targeting agents, and physical targeting agents according to their methods of action. Among them, the passive targeted preparation refers to the drug-using microspheres, liposomes, polymer micelles and other microparticles as carriers, through a normal physiological process, enrichment in specific targets in the body. This agent achieves tumor targeting based on the enhanced permeability and retention effect of the peripheral vascular system. The actively targeted formulation refers to the modification of the loaded drug microparticles and the delivery to a specific target organ in combination with the target cell receptor to achieve targeted therapy. With the development of nanotechnology, targeted drug delivery based on nanoparticles has attracted more and more attention and has gradually become the focus of targeted therapy. Currently, active nanocarriers have not received food and drug administration (FDA) approval, and only a few clinical trials are underway [@bib0004]. Herein, we focus on the application of novel nano-agents targeting transporters and the introduction of drug-transporter-based nano-formulations.

2. The role of transporters and efflux systems in drug delivery {#sec0002}
===============================================================

2.1. Transporter {#sec0003}
----------------

Drug transporters can be divided into two families: solute carrier transporters (SLC transporters) and ATP-binding cassette transporters (ABC transporters) ([Fig. 1](#fig0001){ref-type="fig"}). They have different expression profiles in human tissues, and transporters of different sites correspond to different treatments for drugs or endogenous compounds. Transporters widely distributed in the gut, liver, and kidney are closely related to the elimination of drugs. Drugs and their metabolites usually need to be excreted through the urine and bile. Transporters expressed in the BBB protect sensitive tissues from the potential toxicity of the drug.Fig. 1Drug Transporter family.Fig 1

The expression of transporters in different tissues is different, which suggests that we can use drug transporters to enhance the ability of drugs to concentrate at the target site, and develop related targeted agents, thereby enhancing drug targeting, improving drug efficacy and reducing toxic side effects. Therefore, studies on the selectivity of transporter expression and the mechanism of transport are critical. To date, over 400 membrane transporters have been identified and characterized in human cells at both the molecule level and functional level. The distribution of various uptake transporters and efflux transporters in tissues is shown in [Table 1](#tbl0001){ref-type="table"} according to the figures adapted from the previously published studies [@bib0005], [@bib0006], [@bib0007], [@bib0008], ([Table 2](#tbl0002){ref-type="table"}).Table 1Distribution of transporters in tissues.Table 1PositionInflux transporter typeEfflux transporter typeIntestinePEPT; OATPs; OCTNs; OCT1; OCT2MDR1; MRP1/2/3/4/5; BCRPLiverOATP1B1; OATP1B3; OATP2B1; OCT1; OAT2MDR1/2/3; MRP2/3/4; BCRP; BSEPKidneyOCT2; OAT1; OAT3; OAT4; PEPT2; GLUTsMDR1; MRP2/4; OCTN1/2; MATE1/2; OCT4; OATP1A2Blood-brain barrierGLUT1; OAT3; OATP2B1; OCTN2; OCT1/2/3MDR1; MRP1/2/3/4/5; BCRPTable 2Preparation materials for several common nano preparations.Table 2Nano preparationCommon materialsMicrospheresNatural polysaccharide; Gelatin; Poly(lactic-co-glycolic acid); Polystyrene; Polyacrylic acid; Resin; AlginateNanoparticlesPoly(lactic-co-glycolic acid); Inorganic metal; Nano-powder; Nanofibers; Nanofilm; Nano-blockLiposomesPhosphatidylethanolamine; Cholesterol; Soy sterol; Phosphatidylcholine; Sphingomyelin; Stearic acid amideDendrimersPAMAM; PLLD; Propylene imine; Polymethyl methacrylate; Polystyrene; PolyacetylenePolumeric micellesPolyester; Polyether; Polyamino acid; Polyethylene glycol; Polyethylene oxide

### 2.1.1. Influx transporter {#sec0004}

Organic anion transfer peptide (the OATP family): The OATP family belongs to the SLC21 subfamily and the human OATP family consists of 11 members [@bib0009]: OATP1A2, OATP1B1, OATP1B3, OATP1C1, OATP2A1, OATP2B1, OATP3A1, OATP4A1, OATP4C1, OATP5A1, OATP6A1. OATP1A2 expressed in cerebral capillaries mainly mediates metabolites (such as glutathione) and uptake of drugs (such as opioid peptides). OATP1B1 and OATP1B3 are expressed only in the liver; whereas OATP2B1, OATP3A1, OATP4A1 are expressed in many tissues, such as the small intestine and liver.

The OATP family has a wide range of substrates, which can not only transport organic anions and anionic complexes, but also identify some neutral and zwitterionic compounds, to be the key determinant in the cellular uptake of many endogenous and exogenous chemicals. There are substrate overlaps between different OATPs, but the affinity is different. Several clinically used drugs have been identified as substrates for OATP transporters, such as statins, methotrexate, rifampicin, cardiac glycosides, etc. [@bib0010]. Since a large number of drugs need to be taken up by the OATP1B1 and OATP1B3 transporters on the liver, the substrate range of these two transporters are extensive. A large number of studies have been conducted on OATP-mediated drug transport and drug interactions. Kalliokoski et al. [@bib0009] summarized the genetic effects of OATP1B1, OATP1A2, OATP1B3, OATP2B1 and their effects on drug interactions, indicating that OATP families play an important role in drug pharmacokinetics and DDI profiles. Studies have shown that OATP2B1 in endothelial cells of human brain capillaries can mediate brain transport of morphine and its metabolite morphine-6-glucuronide (M6G), and its expression regulation is associated with morphine tolerance [@bib0011]. The mRNA level is significantly reduced, and lower levels of OATP3A1 may additionally result in lower estrone-sulfate (E1-S) uptake and further limit its conversion to a biologically active form, revealing a novel mechanism by which OATP3A1 may be involved in colorectal cancer regulation. In addition, OATP4A1 has potential in the assessment of colorectal cancer as a biomarker, helping to provide personalized treatment for patients [@bib0012].

Organic anion transporter (the oat family): Organic anion transporter belongs to the SLC22A superfamily. The OAT family in humans includes OAT1, OAT2, OAT3, OAT4, OAT5, OAT7, OAT10, and URAT1 [@bib0013], which are widely distributed in the body. In the kidney, OAT1 and OAT3 use a tertiary transport mechanism to move the organic anion/drug through the basolateral membrane into the proximal tubule cells [@bib0014]. Then the organic anion/drug enters the urine through the apical membrane to complete the elimination. The human liver contains OAT2, OAT5 and OAT7, which plays a role in bile secretion and drug excretion through bile. The substrate of the Organic cationic organic cation transporter (OCT) are hydrophilic organic anions, such as steroid hormone conjugates, biogenic amines, and various drug which is different from the OATP transporter in transporting larger hydrophobic organic anions. OATs can mediate the secretion and reabsorption of organic anions, like some neutral particles and organic cations, and the Na^+^ concentration gradient is required for the transport process. OAT1 and OAT3 transporters are widely distributed in the kidney. In view of the extensive nature of OATs substrate, the change of OATs activity is a key factor in many clinical conditions. For most drugs, interaction was demonstrated *in vitro* by inhibition of OAT-mediated transport of model substrates; for some drugs, transport by OATs was directly proven. Burckhardt [@bib0015] hold that drug--drug interactions at OAT1 and OAT3 may retard renal drug secretion and cause untoward effects, since OAT1 and OAT3 show comparable affinities for diuretics, cephalosporins, and nonsteroidal anti-inflammatory drugs whereas OAT2 has a lower affinity to most of these compounds. Nieskens Tom T. G\'s data [@bib0016] demonstrate that functional OAT1 was directly responsible for cytotoxicity of adefovir, cidofovir, and tenofovir, while a drug interaction with zidovudine was not associated with decreased cell viability. Some results also suggested that interactions of the human organic anion with its substrates may significantly impact the dosing, efficacy and toxicity of related drugs (methotrexate, nonsteroidal anti-inflammatory drugs, organic anion transport inhibitors).

Organic cationic organic cation transporter (The OCT family): Organic cation transporter, as a member of the SLC superfamily, is widely distributed in the human body. It is an important factor that affects the absorption, distribution and metabolism of organic cations. The OCT family mainly includes OCT1, OCT2, and OCT3, as well as several subtypes of OCTN1, OCTN2, and OCT6. OCT1 is mainly distributed in the liver, which is the first step of biotransformation of exogenous substances; OCT2 is mainly distributed in the kidney. There is also a distribution of OCT3 in brain tissue, which can mediate the transport of endogenous substances to the central nervous system [@bib0017].

Substrates for OCT proteins are endogenously cationic substances and several cationic drugs. Endogenous compounds transported by or inhibiting the transport by all three OCT proteins include neurotransmitters. OCT1-3 translocate a variety of organic cations with widely differing molecular structures, and are inhibited by a large number of additional compounds that are not transported [@bib0018]. Several endogenous compounds that are transported by human OCTs have been identified, Koepsell summarize the specific compounds transport by human OCTs (hOCT1, hOCT2, hOCT3) in his article [@bib0019]. As for the drugs, like metformin [@bib0020], an anti-diabetic drug, is distributed to the liver via hOCT1-mediated transport, and mainly excreted into urine via hOCT2 in humans without metabolism. Drug--drug interactions at OCTs may change pharmacokinetics, pharmacodynamics and drug toxicity. All these results suggest that we can rationally utilize drug interactions based on the regulatory mechanisms of OCTs to overcome the changes in transporters.

In addition to the several SLC family members mentioned above, oligopeptide transporter (PEPT) is also widely distributed in humans. It is a crucial uptake protein in the intestine, which mainly mediates the transport of peptides to cells, including dipeptides, tripeptides and peptidomimetics. PEPT are mainly divided into two types: PEPT1 and PEPT2, which a uses electrochemical proton gradient as a driving force and has a strong dependence on extracellular pH and membrane potential. It can transport β-lactam antibiotics, angiotensin-converting enzyme inhibitors, aminopeptidase inhibitors and other drugs [@bib0021].

### 2.1.2. Efflux transporter {#sec0005}

ABC transporter: Multidrug resistance protein P-glycoprotein (P-gp) encoded by the ABCB1 gene causes multidrug resistance (MDR) in tumor cells by mediating drug efflux. P-gp in humans includes MDR1 and MDR3. MDR1 is widely distributed in humans, especially in the liver, intestine, blood-brain barrier, blood-testis barrier, placenta and kidney [@bib0022]. It is abundantly expressed in tumor cells and also distributed in normal tissue cells. The substrate of P-gp has a massive difference in structure and function [@bib0023]. It is difficult to define canonical properties of P-gp substrates, including small molecules, polysaccharides and proteins. Some involve aromatic heterocycles, some have positively charged nitrogen residues, but most are hydrophobic compounds. At present, many studies aim to classify and predict the substrate of P-gp by using quantitative structure-activity relationship, homology modeling, molecular docking and molecular dynamics simulation.

Since P-gp can be inhibited or induced, it has a significant influence on the pharmacokinetics of drugs. To reverse the MDR of tumor cells, the regulation mechanism of P-gp expression research is always going on. On the one hand, single nucleotide polymorphism (SNPs) is an important factor in the variation of P-gp protein, which affects the activity and function of P-gp protein. Among the three SNPs of the MDR1 gene coding region (C3435T, C1236T and G2677T/A), C3435T is the SNP most widely studied [@bib0024]. On the other hand, many medications can also regulate the expression of P-gp through physiological pathways. In order to solve the MDR caused by P-gp, the use of P-gp inhibitor is an effective solution. However, due to the diversity of binding sites on P-gp structure and the low resolution of protein crystal structure, the research progress is limited [@bib0025]. The existing P-gp inhibitors are classified into two types, synthetic and natural sources. Recently, the synthetic flavonoid dimer FD18 represents a new generation of low-toxic and high-affinity P-gp inhibitors [@bib0026]. Studies have shown that Janus kinase 2 (JAK2) inhibitors, such as XL019, CEP-33,779, can inhibit P-gp in drug-resistant cancer cells, and XL019 has higher specificity than verapamil [@bib0027]. Certain naturally derived drugs (glycosides, terpenes, alkaloids, flavonoids, and phenols) can also modulate the activity of drug-metabolizing enzymes and ABC transporters, and have an inhibitory effect on P-gp [@bib0028]. These naturally-derived compounds are less toxic in inhibiting P-gp expression, but they have limited physical and chemical properties. The emergence of new microparticle delivery systems has improved the physicochemical properties of natural medicines to some extent, which has contributed to the development of P-gp inhibitors of natural origin.

Multidrug resistance-associated proteins (MRPs): In addition to the up-regulation of MDR protein expression, increased expression of MRPs can also cause tumor resistance. MRPs belong to the ABCC family and contain 13 members, of which MRP1 to MRP9 are the major transporters indicated to cause MDR in tumor cells by extruding anticancer drugs out of the cell [@bib0029]. Different MRPs are expressed differentially in the liver, kidney, intestine and BBB. Anne T. Nies found that in hepatocellular carcinoma cell, the expression levels of MRP3 and MRP2 are higher, which possibly contributes to the intrinsic MDR phenotype of hepatocellular carcinoma [@bib0030]. In the normal liver cell, it may function as a compensatory mechanism to prevent the accumulation of anionic substrates in hepatocytes. The abnormal expression of transporters in these different sites, leads to the change of the pharmacokinetics of related drugs, which leads to the phenomenon of multi-drug resistance.

The human MRP/ABCC transporters except MRP9/ABCC12 are all able to transport organic anions, such as drugs conjugated to glutathione, sulfate or glucuronate [@bib0012]. The substrate specificity of MRP1 initially seemed to be similar to that of P-gp; MRP2 have a similar substrate specificity to MRP1, but it can transport cisplatin (CDDP) and some carcinogens [@bib0031]; MRP3 can transport organic compounds conjugated to glutathione, sulfate, or glucuronate [@bib0032]; MRP4 and MRP5 have attracted attention by their ability to transport cyclic nucleotides and many nucleotide analogs [@bib0033]; both the physiologic function and the potential involvement of MRP6 in drug resistance are still unclear. According to the substrate-binding transport mechanism of MRPs, many drugs can act as inhibitors to reverse MRPs-mediated MDR, such as cyclosporin A, rapamycin, rapalogs, deforolimus, everolimus and temsirolimus [@bib0034]. Inhibition of MRPs can alter the disposition of endogenous substrates, which may have toxicological implications including hyperbilirubinemia and cholestatic drug induced live injury (DILI). Therefore, it is necessary to carry out a simulation evaluation to avoid drug-induced liver damage caused by effective inhibitors.

Breast cancer resistance protein (BCRP): BCRP is another ATP-binding cassette (ABC) transporter capable of causing cancer drug resistance, formally designated as ABCG2. It was found in one such cell line (MCF-7/AdrVp) as a novel member of the G subfamily of ABC transporters. The greatest expression was seen in placental tissue. As a critical factor in preventing the absorption of toxic compounds, high ABCG2 expression has been found primarily in the placenta and intestine, but also in the brain endothelium, prostate, testes, ovaries, liver, adrenal gland, uterus, and central nervous system, which can effectively protect the maternal-fetal barrier, BBB ​​and blood-testis barrier, just like P-gp, MRPs. In addition to the low levels of expression in normal tissue cells, BCRP is overexpressed in acute myeloid leukemia (AML), acute lymphoblastic leukemia (ALL), chronic myeloid leukemia (CML), and solid tumor cells, in which the BCRP increase the course of chemotherapy drug efflux [@bib0035]. BCRP expression and activity have important effects on the disposal, clearance, accumulation of the drug [@bib0036].

BCRP can identify a wide range of substrates which is similar to P-gp and MRPs, including anthracenes (mitoxantrone), camptothecin (CPT) derivates (topotecan), polyglutamate (such as methotrexate), and nucleoside analogs (AZT), tyrosine kinase inhibitor (imatinib), conjugated organic anion, 3‑hydroxy-3-methylglutaryl-coenzyme A, reductase inhibitor (pitavastatin), carcinogen (2-amino-1-methyl-6-phenylimidazo\[4,5-*b*\]pyridine) and flavonoids (xylogen) according to the review written by Mao [@bib0037]. Among these drugs, the anticancer drugs passed out by BCRP occupied major part one. Since BCRP plays a protective role in normal tissues, we need to pay attention to the possible adverse effects of inhibitors on normal cells during the development of BCRP inhibitors [@bib0038]. When using BCRP inhibitors in combination with other drugs, we should know the effects of BCRP-mediated drug interactions on clinical use.

In addition to the ABC transporters, the efflux transporter also comprises multidrug and toxin efflux transporters (MATEs). MATEs are mainly distributed in the small intestine, kidney and liver, and play an essential role in the transport of organic cations in vivo. Omote et al. [@bib0039] introduced the discovery, structure and function of MATEs.

2.2. Effects of transporters on drug transport and DDI {#sec0006}
------------------------------------------------------

Both influx and efflux transporters are contained in various tissues in the human body, therefore, when we use drugs, we may face the following problems: (1). The drug is the substrate for uptake transporters and efflux transporters, the plasma concentration of the drug may be lowered due to an increase in drug efflux. (2). Two or more drugs are used at the same time, the crossover of the transporter substrate may cause drug interactions, which may impact on the efficacy of the drug, and may even increase the cytotoxicity of the drug.

Results suggest that coadministration of the human peptide transporter 1 (hPEPT1) substrates valacyclovir and cephalexin minimally reduced the acyclovir AUC, which contributes to significant inter-individual variability of aciclovir pharmacokinetics [@bib0040]. Besides, Masanori Nakakariya et al. [@bib0041] did a series of research on appropriate risk criteria for OATP inhibition based on the clinical relevancy between OATP inhibitors and drug-induced adverse effect. On the basis of pharmacogenetic and clinical DDI results [@bib0144], a total of 12 drugs (e.g. atenolol, celiprolol, and fexofenadine) were identified as possible clinical substrates of OATP2B1 and OATP1A2. Due to the substrate overlap in OATP and MRP2 in the basal side of the liver, OATP-mediated hepatic uptake and MRP2-mediated bile efflux synergy to achieve hepatobiliary transport. Wang et al. [@bib0042] revealed that antivirals, antibiotics, neuroprotective agents, and proton pump inhibitors all showed varying degrees of inhibition of OAT3-mediated uptake of dicaffeoylquinic acids (DCQAs) *in vitro*. Besides, Huo et al. [@bib0043] indicated that imipenem and cilastatin were substrates of hOAT1 and hOAT3, and cilastatin inhibited hOAT1/3-mediated transport of imipenem. Moreover, imipenem exhibited hOAT1/3-dependent cytotoxicity. Pitavastatin [@bib0044] and rosuvastatin are the substrates of OATP1B1 and BCRP, which remind us pay attention to the OATP1B1 or BCRP‐mediated DDI of pitavastatin or rosuvastatin in coadministration with other drugs. Concomitant drugs based on transporters have made breakthroughs in cancer treatment, Liu et al. [@bib0045] demonstrated that epigenetic activation of OCT2 by decitabine sensitizes RCC cells to oxaliplatin both *in vitro* and in xenografts. As a classic substrate of P-gp, paclitaxel can be out of cells and induces drug resistance, which affects dosing schedule and drug efficacy. Besides, Jörg et al. [@bib0046] summarized the transporters and DDI, in particular clinically observed DDI attributable to inhibition or induction of P-gp, BCRP, OATPs, OATs and OCT2. Based on the above analysis, the DDI potential of novel drugs was investigated in both nonclinical and clinical studies. Otherwise, the choice of drug dosage requires full consideration of the transporter\'s expression and activity when we choose the drug dose.

To summarize, defining the drug and related transporter transport mechanism, it has guiding significance for clinical combination, avoiding drug-drug and -food interactions. Beyond all doubt, it\'s helpful to reduce the toxicity of the drug and enhance its targeting and stability of the drug continuously. Research shows the DDI and -food (DFI) interactions on these transporters are considered to affect bioavailability of their substrate drugs. In the process of using multi-drug combination therapy, we need to carefully analyze the interactions between drugs based on drug transporters to avoid adverse reactions. The emergence of new nanotechnology has dramatically improved this phenomenon. The nanomaterials encapsulated drugs to achieve targeted drug delivery, enhance the stability of the drug in the body, and enhance the efficacy while avoiding toxicity. Compared with the combined use of traditional preparations, nanomaterials based on drug interaction have better pharmacokinetics and enhanced targeting. Therefore, nanomaterials loaded with multiple drugs are under constant development in the combined use.

3. Development of new drug delivery systems {#sec0007}
===========================================

A nano-targeted preparation, also known as a targeted nano-drug delivery system, refers to a drug delivery system that concentrates explicitly a drug on a specific tissue or organ by using a particular drug carrier or drug delivery technique. It has the characteristics of specificity, targeting, long duration of drug action, small side effects, and wide drug loading range. It also provides some benefits over conventional preparations, including increasing the solubility of hydrophobic drugs, enhancing the stability of the drug in vivo, and improving its epithelial permeability [@bib0047]. Compared with traditional preparations, the most prominent characteristic of targeted preparations is that drugs can be delivered to the target site to the maximum extent, the bioavailability of drugs can be improved, and the therapeutic effect can be maximized. In the continuous development of nanotechnology, the targeted preparations of nanoparticles, liposomes, polymer micelles, dendrimers and microspheres have become more and more prominent in cancer treatment. It has received extensive attention and research.

3.1. Microspheres {#sec0008}
-----------------

Microsphere refers to a microparticle system prepared by encapsulating or dispersing a drug in a polymer material, and its particle diameter is generally between 1 and 250 µm. The skeleton material of the microsphere mainly includes gelatin, alginate, chitosan and polylactic acid-co-glycolic acid (PLGA) [@bib0048]. Due to the protective effect of the carrier, the microsphere preparation can effectively improve the stability of the drug, and at the same time reduce the toxicity of the drug to the organ. Compared with traditional preparations, microspheres have a high surface area and volume ratio, which can be in close contact with the mucosal layer at the absorption site and prolong the retention time [@bib0049]. Therefore, it has the potential of targeted and controlled release drugs. Zhang et al. [@bib0050] encapsulated curcumin in microspheres to prepare curcumin-carrier chitosan microspheres (Cur-PS-CMs). The results showed that the microsphere preparation improved the water solubility and stability of curcumin. Besides, Cheng et al. [@bib0051] constructed curcumin-PLGA microspheres and studied its release *in vitro*. When microspheres are combined with an adhesive polymer (insulin, gentamicin, vasopressin, testosterone and its esters, and dopamine) to form mucoadhesive microspheres, it enhances drug absorption and bioavailability [@bib0052]. As we all known, the use of non-steroidal anti-inflammatory drug aspirin is limited by its sudden release. PLGA is selected as the drug carrier for the most developed microsphere preparations. However, PLGA microspheres also have many problems to be solved, such as severe drug release, incomplete drug release, low repetition rate and low yield. At present, for the preparation of microspheres, more attention is paid to the use of natural polymers. By using biodegradable materials, controlled release and sustained release can be realized and the safety of the preparation can be improved. Developmental applications in vaccination, by controlled release of embedded antigens, simulate repeated injections of conventional vaccines [@bib0053]. As for this problem, Sharma et al. [@bib0054] summarized the preparation methods and recent developments of natural polymer microspheres.

3.2. Nanoparticles {#sec0009}
------------------

Nanoparticles are solid colloids with a particle size of 1--100 nm [@bib0055]. They can be divided into nanospheres and nanocapsules according to their skeleton morphology. As a representative of new drug carriers, nanoparticles have always been a research hotspot in particle delivery systems. Several anticancer drugs have successfully used nanomaterials to formulate corresponding nano-formulations, including paclitaxel, doxorubicin (DOX), dexamethasone and 5-fluorouracil (5-FU).

In order to improve the performance of nanoparticles, it is often necessary to modify the nanoparticles or use high-quality synthetic materials. Monsalve et al. [@bib0056] found that the interaction between cationic chitosan and the negative charge of brain endothelial cells makes anti-transferrin receptor antibody (OX26)-conjugated nanoparticles have much higher brain uptake than unmodified. It has the potential to be a drug that targets the brain. Polyethyl glycol 1000 (PEG1000) vitamin E succinate (D -- alpha-tocopheryl polyethylene glycol 1000 succinate, TPGS) is a safe, nontoxic material, and it has an excellent effect on inhibiting P-gp [@bib0057]. Yang et al. [@bib0011] used dendrigraft poly-[l]{.smallcaps}-lysine-Polyethylene glycol/picrin-encapsulated siRNA (OATP2B1) nanoparticles which can deliver siRNA to the mouse brain to study the role of OATP2B1 in morphine brain transport and drug tolerance. As the study above, the novel nanoparticle successfully passed through the blood-brain barrier, and the targeting and gene silencing effects were better.

In the development of nanoparticles, inorganic nanoparticles have attracted attention due to their simple preparation process, the scalability of synthesis, and the controllability of shape and size. Inorganic nanoparticles refer to nanoparticles made of inorganic materials, including metal nanoparticles, carbon nanoparticles, silica nanoparticles, calcium carbonate nanoparticles, and layered double hydroxide nanoparticles for transporting siRNA. These inorganic nanoparticles are mainly used for imaging and diagnosis. The carbon nanotubes [@bib0059] are formed by crimping a single layer or a plurality of carbon atoms, and the tubular structure is a basic unit of a regular hexagon. The tube wall and the diameter can be divided into two types: the single-walled carbon nanotubes (SWCNT) and multi-walled carbon nanotubes (MWCNT). The comparative results confirmed that SWCNT modified electrodes can be exploited for better amplification signal as compared to MWCNT [@bib0060]. Modification of carbon nanotubes can reduce their toxicity and enhance the targeting of delivery, which improve the absorption capacity of drugs. For example, oxidized MWCNT loaded with DOX, conjugated to PEG and angiopep-2 can penetrate the BBB [@bib0061], which is an ideal dual targeting according to delivery system intracellular tracking (*in vitro*) and in vivo fluorescence imaging. Nowadays, many hollow inorganic nanoparticles are used for siRNA delivery. Varshosaz [@bib0062] introduced the application and development of inorganic nanoparticles in siRNA delivery.

A major limitation of nanoparticles is that they are easily conditioned by plasma proteins and cleared by the reticuloendothelial system, which results in ineffective tumor targeting and is one of the most challenging tasks in nanomedicine [@bib0063]. Thus, electrically neutral hydrophilic surface coatings covering nanoparticles can facilitate the development of nanoparticles for whole-body applications. PEG is the most commonly used hidden layer material, PEG-copolymer-coated iron oxide nanoparticles to avoid the reticuloendothelial system [@bib0064]. However, the ability of PEG-modified nanoparticles to absorb and escape *in vivo* is limited in the process of use. Now, more materials have been developed to replace PEG, such as chitosan, dextran, hyaluronic acid. Besides, Talkar et al. [@bib0065] focuses on the mechanism of nanoparticle\'s toxicity and the various toxicity issues associated with nanoparticles through mucosal routes. At present, research on nanoparticles has focused on surface modification of nanoparticles to improve drug targeting, stability, drug loading, and controlled release. At the same time, the nano-drug synthesis technology and processing technology are continuously optimized and industrialized.

3.3. Liposomes {#sec0010}
--------------

Its unique phospholipid bilayer structure (similar to physiological membrane) had made it more compatible with the lipoidal layer of BBB and helps the drug to enter the brain. Agrawal et al. highlighted such modification made to the surface of the liposomes to increase the bioavailability of drug in brain region [@bib0066].

Liposomes are microscopic spheres formed by a lipid bilayer enveloping an aqueous phase medium, about 80--200 nm in size, similar in structure to biofilms. The formation of liposomes enables them to carry hydrophobic, hydrophilic and amphiphilic substance. Hydrophobic drugs can be directly inserted into liposomes, such as paclitaxel and amphotericin B. Water-soluble drugs, such as DOX, mitoxantrone, irinotecan, vincristine, need to be added to the buffer to be dissolved during liposome formation [@bib0067]. A number of nebulizable liposome formulations have reached clinical trials. For example, Arikace® (liposomal amikacin) and Pulmaquin® (liposomal ciprofloxacin) are antibacterial formulations currently in advanced stages of development [@bib0068]. Thermosensitive liposomes, pH-sensitive liposomes, cationic liposomes, ligand targeting liposomes, long-circulating liposomes are prepared by modifying the surface of conventional liposomes [@bib0069]. Thermosensitive liposomes achieve drug release by changing the phase transition temperature of synthetic liposome materials, but thermosensitive liposomes are still lacking in targeting, stability and encapsulation efficiency. The pH-sensitive liposomes are synthesized from liposomes modified with pH-sensitive groups, like pH-sensitive liposomes based on phosphatidylethanolamine. Regarding the mechanism of pH sensitivity, Yang et al. [@bib0070] demonstrated that the pH-related modifications in the surface microstructure of liposomes are related to the controlled release of tumor-targeted drug delivery systems. In order to prevent the rapid elimination of the mononuclear phagocytic system during liposome cycling, liposomes are usually linked to PEG to make long-circulating liposomes. The cationic liposome is composed of positively charged lipid vesicles, which is suitable for encapsulating proteins, nucleic acid drugs and gene therapy. Halevas et al. [@bib0071] synthesized a novel magnetic cationic liposome nanoformulation for encapsulation of a ternary V(IV)-curcumin-bipyridine (VCur) complex. Although cationic liposomes are often used for gene transfection *in vitro*, they have shortcomings such as low gene silencing activity and high systemic toxicity, which limit their clinical application. Ligand-targeted liposomes [@bib0072] are specifically ligand-modified (such as proteins, peptides, monoclonal antibodies, etc.) on the surface of liposomes, allowing the liposome preparation to be targeted after attaching to the drug. It increases the local concentration of the drug and prolongs the half-life of the drug. In addition to the lipids mentioned above, magnetic liposomes also have broad application prospects. Magnetic liposome encapsulates nano-magnetic particles into the liposome, which improves the controllability of the drug based on improved targeting. Like magnetic-immuno-loop-mediated isothermal amplification [@bib0073] as an alternative approach to be used in the ultrasensitive detection of P-gp.

At present, the research pays more attention to the combined application of several liposome modifications. Huang et al. [@bib0074] synthesized paclitaxel and docetaxel (DTX) prodrugs to prepare ephrin A2 targeted immunoliposomes, which have pH-sensitive properties at the same time. The active drug is continuously delivered to the solid tumor. Also, Pradhan et al. [@bib0075] synthesized a multifunctional DOX-loaded temperature-responsive magnetic liposome and surface-modified with folic acid (ligand) to target magnetic substances and biopharmaceuticals, which achieves targeted drug release in hyperthermia. Experiments have been carried out to connect pH-sensitive liposomes to polyethylene glycol to synthesize long-circulating pH-sensitive liposomes. This method not only retains the pH-sensitive characteristics, but also avoids the short-term residence time of pH-sensitive liposomes. The above various modified liposomes achieve better drug delivery targeting and delivery efficiency.

3.4. Dendrimers {#sec0011}
---------------

Dendrimers are highly branched, monodisperse three-dimensional spherical polymers. Their structure can be controlled by different synthetic processes, including the shape, size, charge and solubility characteristics. The application of three common materials in delivery systems are PAMAM, poly(L-lysine) dendron (PLLD) and polypropylenimine (PPI). Dendrimers are easily modified on the surface and can be conjugated to drugs or genes. They have been widely used in biomedical fields [@bib0076], such as drug carriers, gene carriers, nuclear magnetic resonance contrast agents. The carrier system constructed from dendrimers has unique drug loading characteristics. A large number of functional groups on the surface can be covalently linked to the drug, and the hollow hydrophobic cavity inside the sphere can also embed hydrophobic small molecule drugs through hydrogen bonding, electrostatic interaction, and van der Waals force.

When designing the drug carrier, other groups can be added for surface modification. Surface functionalization of dendrimers can be carried out to renders excessive specificity to dendrimer and improve therapeutic efficiency. It has been reported [@bib0077] in the literature that dendrimers were pre-modified with arginine-glycine-aspartic (RGD) peptides, poly(ethylene glycol) chains, and acetyl groups to be endowed with cancer cell specificity and biocompatibility. Besides, studies have shown that lecithin modification on polyamidoamine (PAMAM) molecules can enhance the drug loading of PAMAM for DOX, and PEG, plectin-1 peptide, graphene oxide, hyaluronic acid can modify PAMAM, and then improve carrier targeting [@bib0078]. Besides, Li et al. [@bib0079] prepared a selenium-platinum polylysine dendrimer with anticancer activity by coordinating platinum and selenium-containing dendrimers to improve the drugs' stability and monodispersity.

Compared with other nano-agents, dendrimers have higher transfection efficiency and stability than viral and liposome carriers, which can prolong the survival time of gene drugs in vivo. For example, the delivery of active siRNA by dendrimers increases the stability of siRNA in plasma and prolongs the half-life of such drugs. For the use of dendrimers in siRNA delivery and gene silencing, Tambea et al. [@bib0080] have been described in detail in the relevant literature. Also, Palmerston et al. [@bib0076] made a detailed review of the recent status of dendrimers as nanocarriers for nucleic acid drugs in delivery.

However, the cytotoxicity and hemolytic properties of dendrimers hinder the conversion of dendrimer formulations from clinical studies to clinical trials. To solve this problem, it has been found that the cationic charge is blocked by acetylation and hydroxylation, or the conjugation of dendrimer with PEG chain, lauroyl chain, G4 [@bib0081], can reduce the dendritic cytotoxicity. Marina A Dobrovolskaia [@bib0082] reviews the literature demonstrating how tuning dendrimer physicochemical properties influences their interaction with erythrocytes, platelets, plasma proteins, complement and coagulation systems. We still need to develop biocompatible and less toxic alternatives to overcome this limitation.

3.5. Polymer micelles {#sec0012}
---------------------

Polymer micelles are colloidal particles self-assembled by amphiphilic block copolymers in aqueous media, which typically has a narrow size distribution, Its diameter is about 10--100 nm. The micelles have the characteristics of excellent stability, strong drug-loading property and long cycle time. They can dissolve water-insoluble anticancer drugs and realize sustained release. It has become a research hotspot for cancer treatment and is usually used for the delivery of poorly soluble cytotoxic drugs. The hydrophilic shell structure of the micelle avoids the uptake of the reticuloendothelial system, thereby prolonging the circulation time of the drug in the body [@bib0083]. The most commonly used materials are PEG and Polyoxyethylene (PEO) [@bib0084]. The polymer blocks can be arranged in different ways: A-B type copolymer (deblock copolymer), A-B-A type copolymer (triblock copolymer) and graft copolymer [@bib0085].

Such amphiphilic nanoparticles have been shown to deliver several different types of therapeutic drugs (e.g. chemotherapeutic drugs, proteins, siRNA and DNA) to tumor cells. The polymer micelles can be loaded with drugs by chemical bonding, physical embedding, electrostatic interaction. The coated drugs can exert pharmacological effects through the degradation of the copolymer micelles or the micropore release of the copolymer carrier. The action time increases the bioavailability of the drug. For example, Rashed et al. [@bib0086] prepared a radioactive nimodipine lipid-pluronic micelle, after nasal administration, the test showed that the solubility, absorbance and cycle time of the drug in the micelles increased. Besides, polymer micelles have replaced viral vectors as ideal carriers for gene therapy, and micellar delivery enhances cellular uptake of drugs compared to naked gene drugs. Also, we can modify the surface of the micelle to prepare a drug carrier that specifically binds to the tumor cells, and reduce the toxic side effects on normal tissues. Transferrin-binding micelles are a promising brain-targeted drug delivery vehicle. Sonali et al. [@bib0087] developed a transferrin-bound tocopherol-polyethylene glycol-succinate copolymer micelle that targets DTX into brain cancer cells. The results showed that the transferrin-modified micelles showed higher drug concentration in brain tissue and significantly increased the BBB transport activity of DTX. Zhang et al. [@bib0088] prepared transferrin-modified paclitaxel-loaded polyphosphoester hybrid micelles, which showed strong cell uptake and brain accumulation ability. Usually, micelle stability and the affinity [@bib0089] between the loaded drug and the polymer are governed by the physical state of its hydrophobic core, the interactions between the lipophilic fractions and their molecular weight. An interesting approach for optimizing these properties and overcoming some of their disadvantages is the combination of two or more polymers in order to assemble polymeric mixed micelles [@bib0090].

3.6. Other drug delivery systems {#sec0013}
--------------------------------

In addition to the nano-agents described above, the drug-delivery that can enhance oral bioavailability enhancement of a poorly water-soluble drug drew deep attention. Respond to the need, self-emulsifying drug-delivery systems (SEDDS) have gained increasing attention for enhancing oral BA and reducing drug dose. SEDDS [@bib0091] have been widely employed to ameliorate the oral bioavailability of P-gp substrate drugs (e.g. curcumin) and to overcome MDR in cancer cells. It is expected that by formulating self-microemulsifying drug-delivery systems (SMEDDS), artemether and lumefantrine (low aqueous solubility) aqueous solubility and absorption will thus be enhanced [@bib0092]. Besides, nanocrystals, also known as nanosuspension, is a useful and successful approach for drug delivery. It is a promising method for improving the dissolution rate and enhancing the bioavailability of poorly soluble drugs. One of the most acceptable advantages of nanocrystals is their wide range of applicability such as oral delivery, ophthalmic delivery, pulmonary delivery, transdermal delivery, intravenous delivery and targeting (brain and tumor targeting). Cheng [@bib0093] focused on the nanocrystals technology and its application in pharmaceutical science. The downscaling of nanocrystals will enable rapid optimization of nanosuspension formulation in parallel screening design of preclinical developmental stage drug moieties [@bib0094]. In addition to new nanotechnology, implantable drug delivery systems offer new strategies for drug therapy, especially microfluidic chips produced using micro or nanotechnology, with flexible release characteristics that can be developed as active or passive delivery systems. It is hopeful to apply to topical therapy \[[@bib0095],[@bib0096]\]. This new type of micro-electrochemical system or MEMS-based drug delivery systems has been improved to overcome the problems related to conventional drug delivery [@bib0097]. Lee et al. [@bib0098] prepared an implantable micro-chip made of poly(methyl methacrylate) for controlled delivery of diclofenac sodium. Currently, implantable microchips still require many improvements, such as biocompatibility, accurate size and shape, patient compliance with drug delivery, and rate of drug delivery [@bib0099].

Despite the many advantages of the new drug carriers, only a few have been approved by the FDA, as shown in [Table 3](#tbl0003){ref-type="table"}. Most polymers-proteins, polymers-drug conjugates, liposome formulations (including immunoliposomes, polymer micelles and polymer nanoparticles) are in clinical trials. Carbon nanotubes and dendrimers are currently not approved due to their unresolved toxicity. Nowadays, the synthesis and discovery of new nontoxic, biocompatible, biodegradable polymer drug carriers is the direction of our efforts.Table 3FDA approved nano preparations.Table 3FDA approved yearDrug nameActive ingredientsUse1997AmbisomeAmphotericin BFungal infection2000RAPAMUNE®SirolimusImmunosuppression of kidney transplantation2003Zirconium OxideZirconiaTooth repair2003Estrasorb™EstradiolMenopause2003EMEND®Aprepitantfeel sick and vomit2004TriCor®Fenonotereduce cholesterol2004MEGACE®ESMegestrol acetateTreatment of anorexia2004VitossMyelosuppressive substituteBone defect repair2005Abraxane™PaclitaxelAdvanced breast cancer2005Doxil®,AdriamycinOvarian cancer2015OniivydeIrinotecanPancreatic cancer2017VyxeosDaunorubicin and CytarabineTreatment of poor prognosis AML2018ARIKAYCE KITAmikacinNontuberculous mycobacteria (NTM) lung disease

4. New delivery system application on targeting drug transporters {#sec0014}
=================================================================

A large number of drug candidates have been produced for a variety of disease-causing mechanisms. However, during the use of these drugs, the drug may be affected by the presence of a transporter, which may affect the pharmacokinetics of the drug, and may even have an effect on the efficacy of the drug. It may cause adverse reactions due to the excessive accumulation of drugs in the body. Nano-targeted preparations provide a breakthrough point for drug development based on transport mechanism by virtue of its stability, targeting, slow-release, and long cycle time. In the clinical use of oral preparations, the bioavailability may be affected by the influx and efflux transporters in the intestine. The use of the nanoparticle system can prevent the drug from being recognized and transported by efflux transporters and improve its recognition by influx transporters. At present, many drugs have been made into nano-preparations to change their oral bioavailability. For example, polylactic acid (PLA) and polyethylene glycol graft copolymers are made into nano-particle PLA-g-PEG, which is expected to improve the oral bioavailability of the P-gp substrate (famotidine) [@bib0100], [@bib0101]. A novel drug delivery system for enoxaparin sodium-PLGA hybrid nanoparticles enhances the encapsulation of DOX hydrochloride efficiency and oral absorption [@bib0102]. In the process of studying the MDR mechanism based on the drug transporters, we need to silence the expression of a specific gene to study the expression of related proteins and mRNAs. We must deliver siRNA into the body to silence the target gene, while the nano-formulation exhibits good characteristics in the application of the delivery of the nucleic acid preparation. The application shows good characteristics, and the nano-formulation is less toxic than the traditional viral carrier-loaded nucleic acid drug. In the treatment of brain diseases, nanotechnology also has a good application prospect. Due to the expression of various efflux proteins in the blood-brain barrier, many drugs are difficult to cross the BBB and cannot function in the brain at therapeutic concentrations. The nano-preparation can be modified by the surface of the carrier to target the BBB, and play a role in the treatment of diseases such as Alzheimer\'s disease (AD), Parkinson\`s disease (PD) and glioma.

In the single drug treatment process, drug resistance and the emergence of poor prognosis in each case have brought obstacles to clinical treatment. In order to fully utilize the efficacy of a single drug, a combination of drug-based interactions emerged. Combination therapy involves the incorporation of two active compounds into a single "hybrid" molecule to serve a dual role in increasing drug-target interactions. Combination therapy can achieve drug synergy by regulating multiple signaling pathways, reducing the incidence of adverse reactions, good prognosis, less drug resistance than single drug use, and gradually highlights advantages in disease treatment. In the development of the co-transfer formulation, the nano-formulation exhibits good bioavailability and compatibility. For example, polymeric micelles (PMs) [@bib0103] are self-assemblies of block copolymers providing numerous opportunities for drug delivery. Besides, the nano-encapsulated anticancer agent targeting specific tumor tissues can significantly optimize the therapeutic efficacy of the drug. The effectiveness of these preparations is attributed to a controlled metabolic process and longer in vivo circulation, which improves the stability of the drug in the body. Regarding the application of nanotechnology in combination therapy, this review focuses on nano-agents for targeted transporters, which are described in detail below.

4.1. Transporter-based nano-formulation against MDR {#sec0015}
---------------------------------------------------

MDR as a key factor in the development of resistance to chemotherapeutic agents, is a serious problem that hampers the success of cancer pharmacotherapy. A common mechanism is the overexpression of certain transporters by cancer cells [@bib0104], such as P-gp, MRP1 and BCRP. Among the major transporters, P-gp-mediated MDR is the most important, and it has become a major obstacle in the clinical treatment of diseases. In order to control the effect of P-gp on pharmacokinetics, we must fully consider the targeting and stability of the drug. The new nanotechnology has a good application prospect in the fight against P-gp-mediated MDR. On the one hand, we can modify the drug by using nanotechnology to improve its fat solubility, so that the drug can be quickly absorbed and efflux based on P-gp is reduced. On the other hand, it can be combined with P-gp inhibitor drugs to inhibit P-gp efflux ability. In this way, it can improve the bioavailability of therapeutic drugs in the body, and thus ensure drug efficacy, avoid multi-drugs resistance.

To date, numerous P-gp inhibitors of natural as well as synthetic origin have been studied for reversal of acquired drug resistance. Though compared with synthetic origin P-gp inhibitors, P-gp inhibitors of natural origin have lower cytotoxicity such as, flavonoids, coumarins, terpenoids, alkaloids and saponins [@bib0105], low potency and unsatisfactory physicochemical properties limit the application of these inhibitors. Existing nano-formulations have improved this limitation to some extent. Taking DOX as an example, DOX is a commonly used anti-cancer drug but is susceptible to P-gp-mediated efflux in clinical use. To make cells resistant to it, the DOX nano preparations co-delivered with the inhibitor, which can improve the efficacy of DOX and avoid the generation of cell resistance. It is proven that natural alkaloids possess P-gp inhibition activity and potential for MDR reversal in cancer [@bib0106]. However, the use of alkaloids is limited in clinic due to the high hydrophobicity and poor active form\'s stability. To solve these drawbacks, the combination between poly(anhydride) nanoparticles and cyclodextrins was evaluated, like CPT cyclodextrin/poly(anhydride) nanoparticles [@bib0107]. Multiple studies investigated the reversal effect of cinobufagin (CBF) on P-gp -mediated MDR in colon cancer, and it could be further developed into a safe and potent P-gp modulator for combination use with anticancer drugs in cancer chemotherapy [@bib0108]. To achieve the sustained drug release, enhanced anticancer efficacy and low side effects in vivo, we can use near-infrared fluorescent carbon dots encapsulated liposomes as multifunctional nano-carrier and tracer of the CBF [@bib0109]. The combination of P-gp inhibitors and drugs has been widely used in the fight against efflux transporter-mediated MDR. The protective effects of curcumin against DOX-induced toxicity and resistance have been proved. Dash et al. [@bib0028] formulated colon liposomes loaded with DOX and curcumin, successfully reversing DOX resistance in K562 cells with lower cytotoxicity. It has also been found that maximize P-gp inhibition and enhance DOX cytotoxicity in cancer cells by using a dual functional poly(N-(2-hydroxypropyl)methacrylamide) (PHPMA) conjugate carrying both the anticancer drug DOX and the P-gp inhibitor zosuquidar [@bib0110]. Maximize The N-(2-hydroxypropyl) methacrylamide copolymer conjugate is covalently bound to the anticancer drug DOX and the P-gp inhibitor reversin 121 through a degradable pH-sensitive bond, and this prepared nano-formulation can effectively make cells sensitive to DOX and overcomes MDR [@bib0111]. Shafiei-Irannejad et al. [@bib0112] co-encapsulated adriamycin and metformin in polylactide-co-glycolide-[D]{.smallcaps}-α-tocopheryl polyethylene glycol 1000 succinate nanoparticles to reverse P-gp-induced MDR. Etoposide-loaded nanoparticles (ENP) and etoposide quercetin dual-loaded nanoparticles naturally derived (EQNP) flavonoids that inhibit P-gp efflux by a variety of pathways, such as direct cell membrane interactions, gene interference, and reduced transporter expression. The superiority of the EQNP to permeate deeper pharmacokinetic studies on rats revealed that EQNP exhibit a 2.4-fold increase in bioavailability of etoposide than ENP with no quercetin [@bib0113].

In addition to P-gp transporters, efflux transporters such as BCRP and MRPs are associated with MDR, and the down-regulation of uptake transporters in tumor cells is also a concern for the development of tumor therapeutics. The stability and slow-release characteristics of nano-formulations in delivery have also highlighted their advantages in the combination of targeting other transporters.

The dual inhibitors of P-gp and BCRP, elacridar, and certain TKIs (gefitinib and imatinib) are not specific for these two transporters and are prone to adverse effects on normal cells. It can be made into β-casein micelles, loaded with N-38 (a BCRP transport substrate) and BCRP efflux transport inhibitors, which can improve the targeting and synergy and overcome P-gp and BCRP-dependent MDR [@bib0114]. As a potential substrate for BCRP, mitoxantrone dihydrochloride (MTO) has lower cardiotoxicity than DOX and suits for the treatment of multiple solid tumors and cancers. Non-selective delivery of MTO is prone to various side effects. Therefore, the development of MTO nano-preparation has become particularly important. In the process of preparing nano-preparation, to improve the encapsulation efficiency of MTO, sodium deoxycholate (SDC)/ low molecular weight heparin-sodium deoxycholate conjugate [@bib0115] is required to prepare MTO-SDC composite nanoparticles, which are contained in the preparation. The combined delivery system of BCRP inhibitors has a longer cycle time and is effective against BCRP and P-gp-mediated efflux and improves efficacy.

Nanotechnology optimizes multiple mechanisms for drug delivery, which can target solid tumors to deliver drugs, and provide a broader space for gene therapy and the reversal of drug resistance. Nanotechnology has a promising application in reversing the MDR mediated by P-gp and BCRP. It can be used to load drugs through nanomaterials to achieve the targeted release of drugs and reduce the recognition of efflux transporters. In combination with an efflux transporter inhibitor, it can effectively increase the circulation time in the living body and enhance the activity of the drug. In summary, nano-formulations have outstanding contributions in reversing multi-drug resistance and achieving drug co-delivery. It is believed that with the continuous optimization of nano-targeted preparations, the development of tumor treatment drugs with low toxicity, high specificity and high bioavailability is just around the corner.

4.2. Transporter-based nucleic acid nano-preparation against cancer {#sec0016}
-------------------------------------------------------------------

A large number of studies have shown that the emergence of tumor resistance based on efflux transporters is often associated with the up-regulation of individual genes. To this end, we hope to achieve a reversal of tumor resistance by down-regulating this gene. One method is using siRNA to knock down gene expression, which can inhibit tumor proliferation, reduce the chemical resistance of cancer cells, and enhance the therapeutic effect of chemotherapy drugs. Based on the above mechanism, the combined application of nucleic acid drugs and chemotherapeutic drugs has emerged. Because nucleic acid is easy to be discharged by intravenous injection and is easy to be degraded by nuclease, how to stably deliver nucleic acid drugs [@bib0116] and chemotherapeutic drugs have become resistance to the development of such a combination. Nano-liposomes [@bib0117] can improve the stability and targeting of nucleic acid drugs through modification, and it can also load chemotherapy drugs to achieve the co-delivery of the two drugs. Studies show that delivery of siRNA *in vitro* and in vivo by using polyethyleneimine-capped porous silicon nanoparticles can silence MRP1 and inhibit proliferation in glioblastoma [@bib0118]. Xu et al. [@bib0119] demonstrated that chitosan-MRP1-siRNA nanoparticles can be used for the down-regulation of MRP1 expression in C6/VP16 Cells. In one study, a EphA10 antibody-conjugated pH-sensitive DOX, MDR1-siRNA coloading lipoplexes [@bib0120] were successfully loaded, which exhibited an incremental cellular uptake, enhanced P-gp downregulation efficacy, as well as a better cell cytotoxicity in human breast cancer cell. Risnayanti et al. [@bib0121] found that siRNA-loaded PLGA nanoparticles for co-delivering MDR1 and BCL2 siRNA provide an efficient combination therapy strategy to overcome the chemoresistance of paclitaxel and CDDP, by which MDR1 and BCL2 genes are silenced. Besides, therapy with siRNA and chemotherapeutics to overcome MDR is also a Hot trend, like PAMAM dendrimers co-loaded with DOX and therapeutic siRNA [@bib0122]. *In vitro* cytotoxicity assay demonstrated that the DOX/P-gp siRNA-loaded nano-micelles [@bib0123] showed much higher cytotoxicity in MCF-7 cells than DOX-loaded nano-micelles due to their synergistic killing effect and that the blank nano-micelles had good biocompatibility. Amreddy et al. [@bib0124] developed a folic acid (FA) conjugated polyamide amine dendrimer (Den) nanoparticle system, namely Den-PEI-CDDP-HuR-FA nanoparticles. Co-delivery of siRNA targeting human antigen R mRNA and CDDP to folate receptor alpha overexpressed H1299 lung cancer cells, and the results showed that the system was superior to the therapeutic agent alone. Palmerston et al. [@bib0076] introduced the role of PLL and PAMAM polymer-carriers in the combined application of DOX paclitaxel and nucleic acid preparations. PAMAM was modified by PEG, plectin-1 peptide, graphene oxide, and hyaluronic acid to increase the drug loading and targeting of the vector, and showed better serum stability and therapeutic effect during the loading of DOX and siRNA. In addition to siRNA, miRNAs are also important in regulating the expression of various proteins in the body, and the use of related miRNA preparations in combination with chemotherapeutic drugs faces the same problem. Zhang et al. [@bib0125] encapsulated miR-451 mimetic and poly(ADP-ribose) polymerase 1 (PARP1) inhibitor in the same cationic liposome and found that the combination of PARP inhibitor and phosphatidylinositol 3-kinase modulator can exert synergy compared to PARP inhibition alone. This finding was also confirmed by in vivo anti-tumor results from xenograft tumor models.

4.3. Transporter-based nano-formulation to improve cellular uptake {#sec0017}
------------------------------------------------------------------

Nowadays, for the development of drugs, it is necessary to consider its bioavailability and metabolism in the body. The presence of transporters in the body mainly regulates the absorption, distribution, and excretion processes of drugs. It also determines whether the drug can function at the target site. Modification of the drug with the nano-preparation can improve the physicochemical properties of the drug and increase the exudation of the drug at the target site.

In the absence of a combination, the nano-formulation reduces the recognition and transport of the drug by P-gp and avoids the possible adverse effects of the combination. For example, anti-P-gp-mediated etoposide efflux is a major strategy to improve the bioavailability of etoposide. The use of PLGA nanoparticles to support etoposide can effectively improve the oral bioavailability of etoposide [@bib0113]. Docetaxel is a cytotoxic taxane, a poorly water-soluble drug, and a polybutylide-co-glycolide coated with a chitosan coating of DTX (PLGA)-nanoparticles can effectively improve the oral bioavailability of DTX [@bib0126]. *In vitro* experiments indicate that nquercetin (Qu)-grafted glyceryl caprylate-caprate (Gcc) are introduced novel lipid nanoparticles (LNPs) can achieve rapid and efficient drug release, and the Qu released concomitantly with the breakdown of disulfide bonds combines with P-gp and inhibits the drug efflux triggered by P-gp [@bib0127]. The PHPMA nano preparation loaded with the anticancer drug DOX can realize the sustained release and controlled release of the drug [@bib0110]. The thiolated microspheres were prepared by ionic gelation between alginic acid and calcium ions, and the lopinavir microspheres were synthesized using thiolated xyloglucan (TH-MPs) as a carrier. This approach not only improves the oral bioavailability of lopinavir, but also avoids the irritation caused by the combination of lopinavir and ritonavir [@bib0128]. Nanoparticles prepared from N-(2-phenoxyacetamide)−6-O-hydroxyacetyl chitosan enable paclitaxel to increase its paclitaxel without the addition of a P-gp inhibitor dissolution in the gastrointestinal tract. These nanoparticles can increase the local concentration of paclitaxel and improve the bioavailability of paclitaxel drugs to some extent [@bib0129]. In addition, intravenous injection of pegylated paclitaxel nanoparticles showed marked anticancer efficacy in nude mice bearing resistant NCI/ADR-RES tumors versus all control groups [@bib0130].

Platinum drugs have become one of the most widely used chemotherapeutic drugs in the clinic because of their unique anticancer mechanism and extensive anticancer spectrum. As a primary anticancer drug, platinum compounds are substrates for many influx and efflux transporters. However, platinum compounds have shortcomings such as poor pharmacokinetic characteristics, low cellular uptake, and rapid metabolic inactivation during use, which makes the drug concentration of the target site unsatisfactory and affects the chemotherapy effect. The ability of nano-formulations to modify blood circulation and protect therapeutic agents has made it a boon for cancer treatment. Based on the combination of oxaliplatin and nano preparations, the addition of targeting protein conjugation can effectively reduce the transport of oxaliplatin based on drug transporters by improving the activity and targeting of the pharmaceutical preparation, thereby obtaining a better therapeutic effect. For example, the combination of oxaliplatin and tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) [@bib0131], which can be made into immune-hybrid nanoparticles. It had shown enhanced apoptotic activity comparable to oxaliplatin and unconjugated nanoparticles. In addition to TRAIL, the combination of oxaliplatin and anti-DR5 antibody enhances anticancer activity in a synergistic and site-specific manner, and the resulting oxaliplatin is produced by oxaliplatin and anti-DR5 antibody. MTT analysis of oxaliplatin immune nanoparticles (Co-Ox-AuNPs) showed that compared with oxaliplatin, the cell activity of the nanoparticles decreased by 3 times [@bib0132]. Nowadays, CDDP + DOX establishes a novel dual drug delivery system (DDDS) for cancer chemotherapy by using highly purified large-diameter multi-walled carbon nanotubes as a carrier. CDDP is encapsulated in the nanotube carrier by wet chemical method, and DOX is connected to the outer surface by non-covalent interaction [@bib0102]. Besides, in the development of drugs for the treatment of colon adenocarcinoma, the anti-proliferative activity of the nanoparticles can be significantly enhanced by the 5-FU and oxaliplatin in traditional chemotherapy. Not only that, lactoferrin nanoparticles significantly improve the pharmacokinetics, safety parameters and efficacy of 5-FU and oxaliplatin [@bib0133].

4.4. Transporter-based brain-targeting nano-formulation {#sec0018}
-------------------------------------------------------

At the BBB, several efflux transporters, such as the P-gp, BCRP and MRPs, are responsible for the transport of xenobiotics from the brain into the bloodstream or vice versa [@bib0134]. Organic cation/carnitine transporter 2 (OCTN2) expressed in the BBB has potential to facilitate the transfer of drugs across the biological barriers, and has emerged as a viable target for drug delivery [@bib0135]. Because a large number of efflux transporters exist in the blood-brain barrier, it\'s difficult for brain-targeted drugs to reach the target and produce therapeutic effects. Nanotechnology allows the creation of drug vehicles, functionalized with targeting ligands for binding specific BBB transporters, hence triggering the transport through this bio-barrier. Several lipophilic and cytotoxic drugs have proven to be actively drained by P-gp expressed at the luminal membrane of the brain capillary endothelial cells, resulting in the very low apparent BBB permeation of these P-gp substrates [@bib0136]. Nano-enabled delivery systems that utilize lipid-based carriers have been designed to improve drug delivery to the brain. It has been shown that DOX as liposomal encapsulated formulation is effective in treating patients with malignant glioma [@bib0137]. As erlotinib is a known substrate of P-gp and BCRP, the brain penetration of the tyrosine kinase inhibitor erlotinib is restricted [@bib0138]. To solve this problem, SushantL akkadwala et al. [@bib0139] developed a dual functionalized liposomal delivery system, which were modified with transferrin for receptor targeting and cell penetrating peptide PFVYLI to increase the translocation of DOX and Erlotinib across the BBB.

In addition to contributing to transporter-mediated drug transport, nanoparticles can also play a role in optimizing drug absorption in receptor-mediated drug delivery. B6 peptide-modified nanoparticle (B6-NP) [@bib0140] shows higher accumulation in brain capillary endothelial cells by lipid raft-mediated and clathrin-mediated endocytosis. If the B6 peptide is conjugated with sialic acid modified selenium nanoparticles, it exhibits higher permeability on the BBB and is expected to be a novel nanomedicine to improve disease in AD [@bib0140]. Also, Fan et al. [@bib0141] suggested curcumin-loaded PLGA-PEG nanoparticles conjugated with B6 peptide would be of potential and promising use for the treatment of AD. These findings suggest that B6-NP can serve as a promising drug delivery system that facilitates the delivery of neuropeptides to the brain, demonstrating the good performance of nano-drug delivery in delivering across the blood-brain barrier.

5. Conclusions {#sec0019}
==============

In summary, transporter-targeted nano-drug delivery system (nano-DDS) has emerged as a promising nanoplatform for efficient drug delivery. The drug transporter can affect the absorption and metabolism of the drug in the body, thereby affecting the effectiveness of the drug; the down-regulation of the uptake transporter and the up-regulation of the efflux transporter can cause cell resistance in the target organ or tumor; drug-transporter-based DDIs have inspired us to develop transporters as therapeutic targets and provide a basis for rational drug use. In order to increase the targeting and specificity of drug formulations that based on the transporter, the development of nano-formulations has improved the physicochemical properties of the corresponding drugs and reduced cytotoxicity. There is also a good delivery effect in the combination of the administration of the transporter. In this paper, we reviewed the classification of drug transporters, development of nano-DDS and recent developments in transporter-targeted nano-DDS.

Despite the potential advantages, the number of nanomedicine products on the market for tumor-targeted therapy is limited. While some products are about to be approved and may be marketed, most products used to treat cancer are still in preclinical development, such as the [L]{.smallcaps}-BLP25 liposome vaccine [@bib0142] and liposome Vincristine [@bib0143]. Due to the low permeability of nano-formulations in the body, a large number of nanomaterials are still in the phase of *in vitro* research, and a lot of work needs to be done before they can be developed into clinical drugs

Nano-formulations have advantages in both targeted transporter-mediated and receptor-mediated drug absorption. It has become a hotspot in targeted formulation research, which can help improve the bioavailability of traditional drugs and enhance targeting. At the same time, it reduces the toxicity and improves the physical and chemical properties of the drug. In the treatment of tumors, MDR based on transporters hinders the efficacy of anticancer drugs and is a major obstacle in the treatment of tumors. With the targeting and stability of nano-formulations, we can use nano-materials to load drugs to reverse the MDR based on drug transporters. In the development of nanomaterials, we must focus on their safety and targeting to avoid cytotoxicity and off-target distribution of nano-DDS in normal cells. In order to achieve the widespread application of transporter-targeted nano-DDS, we also need to gradually resolve the gap between preclinical animal models and clinical trials. To follow the trend of combined drug use, in the treatment of reversing tumor resistance, we should make full use of the drug-loading capabilities of nano-formulations to achieve combination therapy. Although the research of nano-preparation is less clinical, its excellent delivery performance is still worthy of our attention.
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